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1. INTRODUCTION {#fsb220581-sec-0001}
===============

Obesity is a risk factor for developing breast cancer after menopause, as well as for high‐risk premenopausal women.[^1^](#fsb220581-bib-0001){ref-type="ref"}, [^2^](#fsb220581-bib-0002){ref-type="ref"}, [^3^](#fsb220581-bib-0003){ref-type="ref"} Alterations within breast tissue prior to tumor formation may contribute to the risk of breast cancer development and malignant progression. Within the breast, the epithelium is composed of luminal cells, which express estrogen receptor alpha (ERα), and basal/myoepithelial (basal) cells. Epithelial cells in both the luminal and basal cell lineages are thought to be derived from lineage‐restricted stem/progenitor cells.[^4^](#fsb220581-bib-0004){ref-type="ref"}, [^5^](#fsb220581-bib-0005){ref-type="ref"}, [^6^](#fsb220581-bib-0006){ref-type="ref"} Increased numbers of specific types of stem/progenitor cells may lead to enhanced risk for the development of distinct types of breast cancer.[^7^](#fsb220581-bib-0007){ref-type="ref"} We previously observed that obesity increased epithelial cell expression of ERα and elevated stem/progenitor activity in mammary tissue of both mice and women.[^8^](#fsb220581-bib-0008){ref-type="ref"} In addition to the effects on breast epithelial cells, we and others have observed changes within the surrounding breast stroma, including elevated fibrosis within breast fat, activation of adipose‐derived stromal cells (ASCs), and recruitment of macrophages into breast adipose tissue.[^9^](#fsb220581-bib-0009){ref-type="ref"}, [^10^](#fsb220581-bib-0010){ref-type="ref"}, [^11^](#fsb220581-bib-0011){ref-type="ref"}, [^12^](#fsb220581-bib-0012){ref-type="ref"} The underlying cause of these changes within breast tissue under conditions of obesity are not well understood.

In the mammary gland, transforming growth factor beta (TGFβ1) is a major regulator of mammary gland development and has been strongly implicated in breast cancer progression.[^13^](#fsb220581-bib-0013){ref-type="ref"}, [^14^](#fsb220581-bib-0014){ref-type="ref"} In adult mice, epithelial cells are the main source of TGFβ1,[^15^](#fsb220581-bib-0015){ref-type="ref"}, [^16^](#fsb220581-bib-0016){ref-type="ref"} and TGFβ1 has been shown to reduce mammary epithelial stem/progenitor activity.[^17^](#fsb220581-bib-0017){ref-type="ref"}, [^18^](#fsb220581-bib-0018){ref-type="ref"}, [^19^](#fsb220581-bib-0019){ref-type="ref"}, [^20^](#fsb220581-bib-0020){ref-type="ref"} TGFβ1 is produced as an inactive, latent form which must undergo extracellular activation prior to receptor binding.[^14^](#fsb220581-bib-0014){ref-type="ref"} Once activated, TGFβ1 ligand binds type II TGFβ1 receptor (TGFβRII), which complexes with TGFβRI, and transmits its signals through transcription factors called SMADs.[^21^](#fsb220581-bib-0021){ref-type="ref"} There are many proteins that can modulate the activity of TGFβ1 at the extracellular, cytoplasmic, and nuclear level.[^22^](#fsb220581-bib-0022){ref-type="ref"} Within the extracellular matrix (ECM), latent TGFβ1 complexes both with latent TGFβ1 binding proteins as well as multiple matrix components including matricellular protein, decorin, which sequester inactive TGFβ1 until activated through proteases, integrin activity or changes in matrix elasticity.[^23^](#fsb220581-bib-0023){ref-type="ref"} This level of regulation provides stringent control of TGFβ1 function and ensures targeted TGFβ1 signaling. In obese adipose tissue, TGFβ1 concentrations are enhanced,[^24^](#fsb220581-bib-0024){ref-type="ref"}, [^25^](#fsb220581-bib-0025){ref-type="ref"}, [^26^](#fsb220581-bib-0026){ref-type="ref"} and these changes in TGFβ1 signaling may impact the breast microenvironment.

Here, we investigated how obesity alters TGFβ1 activity within the mammary epithelium of both mice and humans. We observed decreased TGFβ1 activity in mammary epithelial cells under conditions of obesity and increased decorin in the stroma surrounding mammary ducts. Decorin and TGFβ1 were enriched within isolated mammary ECM, and we identified complexes of decorin with latent TGFβ1. Within obese mammary tissue, macrophages demonstrated elevated expression of decorin and were increased in number surrounding mammary epithelium. Depletion of macrophages in obese mice resulted in reduction of decorin surrounding mammary epithelial cells and enhanced TGFβ1 activity within mammary epithelial cells. Reduction in TGFβ1 activity within breast epithelium and enhanced concentrations of latent TGFβ1 within the mammary stroma may contribute to increased breast cancer risk under conditions of obesity.

2. MATERIALS AND METHODS {#fsb220581-sec-0002}
========================

2.1. Primary human tissue {#fsb220581-sec-0003}
-------------------------

All human breast tissue procurement for these experiments was in compliance with the laws and institutional guidelines, as approved by the Institutional Review Board (IRB) committee from the University of Wisconsin‐Madison. Disease‐free, de‐identified breast tissues were obtained from patients undergoing elective reduction mammoplasty with informed consent through the Translational Science BioBank of the Carbone Cancer Center at the University of Wisconsin‐Madison. This research study was approved by the IRB as "Not Human Subject Research" with a limited patient dataset including patient age, date of service, and body mass index (BMI). Tissue samples from patients aged 18‐45 years were included in these studies. BMI \> 30 kg/m^2^ was defined as obese, and BMI \< 25 kg/m^2^ was defined as normal range.

2.2. Mouse studies {#fsb220581-sec-0004}
------------------

Animal procedures were conducted in accordance with a protocol approved by the University of Wisconsin‐Madison Institutional Animal Care and Use Committee. FVB/N (001800) and C57BL/6 (000664) female mice were purchased from Jackson Laboratories (Ellsworth, MA, USA) and housed and handled in accordance with the guidelines from the National Institutes of Health Guide for Care and Use of Laboratory Animals. All mice were given food and water ad libitum. For obesity studies, 3‐week‐old FVB/N or 8‐week‐old C57BL/6 mice were fed either low‐fat maintenance chow (CD, 18% kcal from fat; Teklad Global \#2018, Envigo) or a high‐fat diet (HFD, 60% kcal from fat; \#58126, Test Diet) for 16 weeks and weighed weekly. We have previously shown 8‐week‐old FVB/N mice are more resistant to weight gain when fed a HFD.[^8^](#fsb220581-bib-0008){ref-type="ref"} Purified diets contained equal amounts of vitamins and micronutrients. Thoracic and inguinal mammary glands were collected from diestrus‐staged mice for analysis. Inguinal glands were utilized for histological assessment, and the remaining glands were collagenase‐digested to isolate cells or snap frozen in liquid nitrogen for molecular analysis.

2.3. Mammary epithelial cell isolation {#fsb220581-sec-0005}
--------------------------------------

Mouse mammary glands were digested in DMEM/Ham\'s F‐12 (10‐090‐CV, Corning Inc, Corning, New York, USA) supplemented with 5 ng/mL of human epidermal growth factor (EGF, E9644, MilliporeSigma), 10 μg/mL of insulin (I0516, MilliporeSigma), 0.5 μg/mL of hydrocortisone (H0888, MilliporeSigma), 5% of calf serum, and 1% of antibiotic/antimycotic solution (30‐004‐CI, Corning Inc) with 3 mg/mL of collagenase A (11088793001, MilliporeSigma) and 100 U/mL of hyaluronidase (H3506, MilliporeSigma) at 37°C for 1 hour. Clusters of mammary epithelial cells were allowed to settle at room temperature for 20 minutes, followed by centrifugation for 5 minutes at 8× *g* relative centrifugal force. Following centrifugation, the lipid‐rich adipose fraction was removed, and the stromal vascular fraction supernatant was filtered through a 70 µm filter for isolation of macrophages. Following macrophage isolation, the remaining stromal vascular fraction was plated in DMEM containing 10% of FBS (10437‐28, Gibco, Thermo Fisher Scientific) and 1% of antibiotic/antimycotic solution (30‐004‐CI, Mediatech, Thermo Fisher Scientific) and incubated at 37°C with 5% of CO~2~ until adipose‐derived stromal cells (ASCs) grew to confluency. The epithelial cells were centrifuged in PBS for 5 minutes at 8× *g*. The supernatant was removed, red blood cells were lysed (ACK Lysing Buffer, 10‐548E, Lonza), and the epithelial cells were washed with 5% of calf serum in PBS. Epithelial cells were dissociated to single cells as described.[^8^](#fsb220581-bib-0008){ref-type="ref"} Cell pellets were stored at −80°C for further analysis.

2.4. Mammary macrophage isolation {#fsb220581-sec-0006}
---------------------------------

To isolate macrophages, Sheep Anti‐Rat IgG beads (Dynabeads, 11035, Thermo Fisher Scientific) were washed, then, conjugated to anti‐F4/80 antibodies (0.1 µg/mL; BM8, 12302, BioLegend, San Diego, CA, USA) at 4°C with rocking for 30 minutes per manufacturer\'s instructions. The antibody‐conjugated beads were washed, then, incubated with the stromal vascular fraction with rocking for 30 minutes at 4°C. The cells bound to antibodies were isolated using a magnet and washed three times. F4/80^+^ cells were examined on a hemocytometer to quantify the percentage of cells bound to beads. Isolates with \>95% of cells bound to beads were snap frozen in liquid nitrogen prior to RNA extraction.

2.5. Immunohistochemistry and immunofluorescence {#fsb220581-sec-0007}
------------------------------------------------

Mammary glands were fixed in 10% neutral‐buffered formalin for 48 hours, embedded in paraffin and sectioned at 5 µm. Tissue sections were stained for immunohistochemistry and immunofluorescence using SMAD4 (1:100, PA5‐34806, Thermo Fisher Scientific), phosphorylated SMAD2 (pSMAD2, 1:250, 44‐244G, Thermo Fisher Scientific), decorin (1:25, sc‐22613, Santa Cruz Biotechnologies, Dallas, TX, USA), F4/80 (1:250, BM8, 12302**,** BioLegend**,** San Diego, CA, USA), CD68 (1:200, 50‐112‐2648, Thermo Fisher Scientific), alpha‐smooth muscle actin (SMA, 1:5000, 5528, MilliporeSigma), and TGFβ1 (1:250, LS‐B14345, LSBio, Seattle, WA, USA) as described.[^8^](#fsb220581-bib-0008){ref-type="ref"} Sections were imaged using Nikon Eclipse 80 t microscope with NIS Elements BR 3.2 software. The percentage of labeled cells was quantified by manual counting by dividing the total number of positive cells by the total number of epithelial cells within the ducts and multiplying by 100. Five 400× magnification images from each gland and at least 500 cells were analyzed. F4/80^+^ cells were quantified by dividing the total number of F4/80^+^ cells within a 50 µm radius around the mammary ducts by the area of the duct. Total CD68^+^ cells were quantified on each image, and an average was generated from five images/tissue section. Percent decorin was quantified by quantifying the area of decorin expression divided by the total area of the stroma and multiplying by 100. All cell counting and image alignment was performed using Image J software (National Institutes of Health, Bethesda, MD, USA).

2.6. Quantitative RT‐PCR {#fsb220581-sec-0008}
------------------------

RNA was isolated from cell pellets and tissue with TRIzol (15596026, Thermo Fisher Scientific) and purified using Qiagen RNeasy Mini Kit (74104, Qiagen) or RNeasy Micro Kit (74004, Qiagen). The RNA was reverse transcribed using the High Capacity cDNA Reverse Transcription Kit (4368814, Applied Biosciences, Beverly Hills, CA, USA) or Ovation RNA Amplification System V2 (3100‐12, Tecan, Mannedorf, CH) and Techne Thermal Cycler (Bio‐Techne, Minneapolis, MN, USA). Quantitative PCR was performed using iTaq SYBR Green Supermix (1725121, Bio‐Rad, Hercules, CA, USA) with a Bio‐Rad CFX Connect Real‐Time PCR Detection System (Bio‐Rad). The following primers were used: decorin F: GATTTTCCACCCGACACAAC, R: TTCTTGAAGGCCCCTTCTTT; TGFβ1 F: ATACGTCAGACATTCGGGAAGCAGTG, R: AATAGTTGGTATCCAGGGCTCTCCG; TGFβRII F: CCAAGTCGGATGTGGAAATGG, R: TGTCGCAAGTGGACAGTCTC; cyclophilin F: TGTGCCAGGGTGGTGACTT, R: TCAAATTTCTCTCCGTAGATGGACTT; hypoxanthine phosphoribosyltransferase (HPGRT) F: TGCTGACCTGCTGGATTACA, R: TTTATGTCCCCCGTTGACTGA. Data were analyzed using the ∆∆Cq method, and transcripts were normalized to cyclophilin (ASCs and macrophages) or HPGRT (mammary epithelial cells).

2.7. ECM isolation and culture of breast ASCs {#fsb220581-sec-0009}
---------------------------------------------

ECM was isolated from human breast tissue as described.[^27^](#fsb220581-bib-0027){ref-type="ref"} ECM protein was quantified using the BCA Protein Assay (23223, Thermo Fisher Scientific). ECM was stored at −80°C until used for molecular analysis. Breast ASCs were previously isolated and immortalized using human telomerase as described.[^28^](#fsb220581-bib-0028){ref-type="ref"} Breast ASCs were grown in DMEM supplemented with 10% of calf serum and 1% of antibiotic/mycotic, and fibroblasts were cultured in serum‐free DMEM for 24 hours prior to growth on ECM. Rat tail collagen (Corning Rat Tail Type I collagen, 354263, Corning, NY, USA) was diluted to 1 mg/mL and used alone or mixed with 200 µg/mL of isolated ECM to coat the surface of 8‐well chamber culture slides (354108, Thermo Fisher Scientific). Collagen polymerized for 8 hours, then, 5000 breast ASCs were diluted in 500 µL of serum‐free media supplemented with vehicle (DMSO), 5 µg/mL of recombinant human TGFβ1 (10804‐HNAC, Sino Biological, Beijing, China), or 5 µg/mL of recombinant human TGFβ1 and 10 µM of TGFβ inhibitor SB431542 (A10826A, Adooq Biosciences, Irvine, CA, USA) and plated on the ECM. ASCs were cultured for 48 h, then, fixed in methanol and stored at −80°C until analyzed.

2.8. Immunoprecipitation and western blotting {#fsb220581-sec-0010}
---------------------------------------------

Protein was extracted from whole mammary glands and breast tissue using RIPA buffer including protease and phosphatase inhibitors. Decorin protein was captured using SureBeads Magnetic Beads and SureBeads Protein A Beads (161‐4011, Bio‐Rad) with decorin antibody (0.1 ng/µL, PA5‐13538, Thermo Fisher Scientific) from 50 to 100 µL of total protein. The elution buffer (4x Laemmli Sample Buffer; 161‐0747, Bio‐Rad) was used to remove beads from decorin protein. Isolated protein was mixed with 2‐mercaptoethanol and boiled for 10 minutes, then, loaded on a 4%‐20% of tris/glycine gel (456‐8093, Bio‐Rad) with Tris/Glycine/SDS buffer (161‐0772, Bio‐Rad) and electrophoresis was performed at 150 V. Proteins were transferred to nitrocellulose membrane (162‐0232, Bio‐Rad) at 100 V for 1 hour using tris/glycine buffer (161‐0771, Bio‐Rad). Ponceau S stain (BP103‐10, Thermo Fisher Scientific) was applied to membranes and imaged with a UVP imager. Membranes were then washed with 0.05% of TBST until the stain was cleared, followed by blocking using 5% of milk and 1% of BSA (A4503, MilliporeSigma) in 0.05% of TBST for one hour at room temperature. Membranes were probed for TGFβ1 (1:1000, LS‐B14345, LSBio), decorin (1:500, PA513538, Thermo Fisher Scientific) or GAPDH (1:1000, RI237368, Thermo Fisher Scientific) overnight at 4°C. Membranes were then probed against secondary antibodies conjugated to HRP goat anti‐rabbit (1:10 000, 31460, Thermo Fisher Scientific) or goat anti‐mouse (1:10 000, 31430, Thermo Fisher Scientific) for 1 hour at room temperature. Probed membranes were treated with Clarity Western ECL Substrate (170‐5060, Bio‐Rad), and then, developed on film using the All‐Pro Imaging Corp 100 Plus Automatic X‐Ray Film Processor. Total protein was quantified from images of Ponceau S stain and film by measuring pixel density using Image J.

2.9. Macrophage depletion {#fsb220581-sec-0011}
-------------------------

FVB/N female mice were fed HFD for 16 weeks, then, were randomized to receive intraperitoneal injections of 400 µg of either rat IgG2b isotype control (BE0090, BioXCell, West Lebanon, NH, USA) or InVivoMAb anti‐mouse F4/80 (BE0206, BioXCell). Following the loading dose, mice received 200 µg injections every 48 hours for 2 weeks.

2.10. Statistical analyses {#fsb220581-sec-0012}
--------------------------

Results were expressed as the mean ± standard error of the mean (SEM), unless stated otherwise. Statistical differences were determined using Student\'s *t* test. *P* values of .05 or less were considered to denote significance. Statistical analyses were conducted using GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA).

3. RESULTS {#fsb220581-sec-0013}
==========

3.1. Obesity decreases epithelial cell expression of downstream targets of the TGFβ1 pathway {#fsb220581-sec-0014}
--------------------------------------------------------------------------------------------

To examine how obesity impacts normal mammary tissue, we utilized a high‐fat diet (HFD) model of obesity in mice. To identify strain‐specific differences within this model, 3‐week‐old FVB/N and 8‐week‐old C57BL/6 female mice were randomized into groups and fed either control diet (CD) or HFD for 16 weeks to induce obesity.[^8^](#fsb220581-bib-0008){ref-type="ref"} The HFD‐fed mice of both strains gained significantly more weight than those in the CD group within 6 weeks after starting the diets (Figure [1A](#fsb220581-fig-0001){ref-type="fig"}). We have previously shown that weight gain after 16 weeks results in the formation of crown‐like structures of macrophages surrounding dying adipocytes in obese fat,[^8^](#fsb220581-bib-0008){ref-type="ref"}, [^28^](#fsb220581-bib-0028){ref-type="ref"} similar to those observed in breast adipose tissue of obese women, defined as a BMI \> 30 kg/m^2^.[^10^](#fsb220581-bib-0010){ref-type="ref"}, [^28^](#fsb220581-bib-0028){ref-type="ref"}

![Obesity decreases downstream targets of the TGFβ1 pathway in mammary epithelial cells. A, Weight of 3‐week‐old FVB/N or 8‐week‐old C57BL/6 female mice fed a control diet (CD, n = 6) or high‐fat diet (HFD, n = 6; \**P* \< .05; repeated measures ANOVA with Sidak\'s multiple comparison test). B, Percent pSMAD2^+^ cells in mouse mammary ducts (n = 5 mice/group). C, Percent SMAD4^+^ cells in mouse mammary ducts (n = 5 mice/group). D, Weight of 8‐week‐old (adult) FVB/N female mice fed CD or HFD for 16 weeks (n = 5 mice/group). E, Percent pSMAD2^+^ cells in mammary ducts of adult FVB/N mice (n = 5 mice/group). F, TGFβ1 expression in mouse mammary ducts (n = 5 mice/group). G, Fold change of expression of TGFβ1 and TGFβRII relative to HPGRT in epithelial cells isolated from mouse mammary glands (n = 3 mice/group). H, Percent pSMAD2^+^ cells in breast ducts of women (n = 6 tissue samples/group). I, TGFβ1 expression in human breast ducts (n = 5 tissue samples/group). Data analyzed with Student\'s *t* test, mean ± SEM. Magnification bar = 50 µm](FSB2-34-8611-g001){#fsb220581-fig-0001}

TGFβ1 is secreted in a latent complex, thus, expression of TGFβ1 protein is not directly indicative of the activity of the TGFβ pathway. In canonical TGFβ1 signaling, activated TGFβRI phosphorylates either SMAD2 or SMAD3, which form complexes with SMAD4 and translocate to the nucleus to regulate transcription.[^13^](#fsb220581-bib-0013){ref-type="ref"}, [^14^](#fsb220581-bib-0014){ref-type="ref"}, [^29^](#fsb220581-bib-0029){ref-type="ref"} To quantify changes in TGFβ1 activity in mammary epithelial cells, we examined nuclear expression of phosphorylated SMAD2 (pSMAD2) and binding partner, SMAD4 in mammary tissue from CD and HFD‐fed mice. Compared to CD‐fed mice, epithelial cells from HFD‐fed mice had decreased nuclear expression of pSMAD2 (Figure [1B](#fsb220581-fig-0001){ref-type="fig"}) and SMAD4 (Figure [1C](#fsb220581-fig-0001){ref-type="fig"}) within mammary epithelial cells. These data suggest that TGFβ1 signaling is reduced in epithelial cells of HFD‐fed mice.

We have previously shown that feeding a HFD after puberty in FVB/N female mice leads to greater weight gain resistance than feeding the same diet at weaning.[^8^](#fsb220581-bib-0008){ref-type="ref"} Consistent with this observation, feeding 8‐week‐old FVB/N female mice HFD for 16 weeks resulted in limited weight gain compared to CD‐fed mice (Figure [1D](#fsb220581-fig-0001){ref-type="fig"}). To examine diet‐specific effects on TGFβ1 activity, we quantified nuclear expression of pSMAD2 within mammary epithelial cells of CD and weight gain resistant HFD‐fed mice. In contrast to FVB/N mice that gained significant weight when fed the HFD, weight gain resistant FVB/N females fed the HFD expressed pSMAD2 in a similar percentage of epithelial cells compared to those fed CD (Figure [1E](#fsb220581-fig-0001){ref-type="fig"}). Together, these results suggest that the observed reduction in TGFβ1 activity in mammary epithelial cells occurs as a consequence of obesity rather than HFD diet‐specific effects.

We hypothesized that changes in local or systemic growth factors associated with obesity could lead to altered expression of either TGFβ1 ligand or its receptor. Within mammary tissue, we observed no differences in either the expression levels or pattern of expression of TGFβ1 protein within epithelial cells of CD or HFD‐fed mice (Figure [1F](#fsb220581-fig-0001){ref-type="fig"}). To more closely examine expression levels, we isolated RNA from primary epithelial cells from the mammary glands of CD or HFD‐fed mice, and quantified expression of TGFβ1 and its receptor, TGFβRII. No significant differences in expression levels were observed in either TGFβ1 or TGFβRII transcripts from epithelial cells isolated from CD or HFD‐fed mice (Figure [1G](#fsb220581-fig-0001){ref-type="fig"}). These results suggest obesity does not directly regulate expression of TGFβ1 ligand or its receptor within mammary epithelial cells.

To examine whether TGFβ1 signaling is also reduced in breast tissue from obese women, breast tissue was collected from women with a known BMI undergoing reduction mammoplasty surgery. Epithelial cells within breast lobules of obese women (BMI \> 30 kg/m^2^) demonstrated decreased expression of pSMAD2 compared to those from lean women (BMI \< 25 kg/m^2^; *P* = .002, Figure [1H](#fsb220581-fig-0001){ref-type="fig"}). Although some variability was present in individual breast tissue samples, no significant differences were observed in the expression levels or pattern of expression of TGFβ1 in breast tissue of obese women compared that of lean women (Figure [1I](#fsb220581-fig-0001){ref-type="fig"}). Together, these results suggest that TGFβ1 activity, but not TGFβ1 protein levels, are decreased within epithelial cells from both obese mice and women.

3.2. Obesity increases decorin around mouse mammary ducts and in lobules of women {#fsb220581-sec-0015}
---------------------------------------------------------------------------------

Within adipose tissue, obesity has been shown to significantly alter the composition of the ECM.[^30^](#fsb220581-bib-0030){ref-type="ref"} The proteoglycan decorin is expressed in the ECM of visceral and subcutaneous adipose tissue and increases with obesity.[^31^](#fsb220581-bib-0031){ref-type="ref"} To investigate how obesity impacts decorin within the mammary gland, we isolated total protein from the mammary glands of CD and HFD‐fed mice and quantified decorin levels. Decorin protein was significantly increased in the mammary glands of HFD‐fed mice compared to the controls (*P = *.03, Figure [2A](#fsb220581-fig-0002){ref-type="fig"}). Consistent with previous studies,[^31^](#fsb220581-bib-0031){ref-type="ref"} we observed elevated decorin expression in the ECM surrounding adipocytes (Figure [2B](#fsb220581-fig-0002){ref-type="fig"}), as well as in the connective tissue surrounding the mammary gland. In addition, decorin expression was elevated in the ECM surrounding the mammary ducts of HFD‐fed mice compared to controls (*P* = .003, Figure [2C](#fsb220581-fig-0002){ref-type="fig"}). Together these data suggest that decorin protein is increased directly surrounding epithelial cells as well as distally within the mammary stroma.

![Obesity enhances decorin around mouse mammary ducts and in lobules of women. A, Western analysis and quantification of decorin from FVB/N mouse mammary glands (n = 4 mice/group). B, Decorin expression in ECM surrounding adipocytes within FVB/N mouse mammary glands (n = 5 mice/group). C, Percent area of decorin in ECM surrounding mouse mammary ducts (n = 5 mice/group). D, Western analysis and quantification of decorin from breast tissue of women (n = 4 samples/group). E, Representative images of breast tissue from obese women (BMI \> 30) stained for Hematoxylin and Eosin (H&E) and decorin. F, Percent area of decorin in ECM within breast lobules of women (n = 6 samples/group). Data analyzed with Student\'s *t* test, mean ± SEM. Magnification bar = 50 µm](FSB2-34-8611-g002){#fsb220581-fig-0002}

No significant differences in decorin protein were detected in protein extracted from whole breast tissue from obese and lean women (Figure [2D](#fsb220581-fig-0002){ref-type="fig"}). In contrast to mouse mammary tissue, human breast tissue is comprised of breast lobules surrounded by variable amounts of fibrous tissue and adipose tissue. Within the breast tissue of both obese and lean women, we observed variability in the amount of fibrous tissue in between the lobules that was not dependent upon obesity (Figure [2E](#fsb220581-fig-0002){ref-type="fig"}). This is consistent with studies examining breast density, which demonstrated that obese women can have variably dense breast tissue.[^32^](#fsb220581-bib-0032){ref-type="ref"} Decorin was abundantly expressed in the ECM within the breast lobules, as well as in the stromal tissue between the lobules (Figure [2E](#fsb220581-fig-0002){ref-type="fig"}), which is consistent with a previous study.[^33^](#fsb220581-bib-0033){ref-type="ref"} To quantify decorin expression specifically in the ECM surrounding the breast lobules, we stained breast tissue with antibodies to detect decorin protein using immunofluorescence. Decorin was significantly increased within the ECM surrounding the breast lobules of obese women compared to those from lean women (*P* = .03, Figure [2F](#fsb220581-fig-0002){ref-type="fig"}). This suggests that obesity enhanced accumulation of decorin surrounding the mammary epithelium.

3.3. TGFβ1 complexes with decorin in ECM of breast tissue {#fsb220581-sec-0016}
---------------------------------------------------------

Decorin has been implicated in inhibiting TGFβ1 activity by sequestering latent TGFβ1 in the ECM.[^34^](#fsb220581-bib-0034){ref-type="ref"}, [^35^](#fsb220581-bib-0035){ref-type="ref"} In this manner, the ECM serves as a critical regulator of TGFβ1 bioavailability.[^36^](#fsb220581-bib-0036){ref-type="ref"} To examine decorin and TGFβ1 within the ECM, we isolated ECM from whole breast tissue. Both decorin and latent TGFβ1 proteins were enhanced within the isolated ECM protein fraction compared to protein from whole breast tissue (Figure [3A](#fsb220581-fig-0003){ref-type="fig"}). To assess the interaction between decorin and TGFβ1, we collected total protein from whole mammary glands of mice and breast tissue of women and isolated decorin using immunoprecipitation. In both mice and women, latent TGFβ1 was detected complexed with decorin protein (Figure [3B](#fsb220581-fig-0003){ref-type="fig"}). We also observed dimers of the active form of TGFβ1 complexed with decorin protein isolated from murine mammary glands (Figure [3B](#fsb220581-fig-0003){ref-type="fig"}). These results suggest that higher concentrations of decorin protein surrounding epithelial cells under conditions of obesity may increase concentrations of TGFβ1 sequestered within the ECM.

![TGFβ1 associated with decorin in ECM enhances SMA expression in breast ASCs. A, Western analysis of whole breast tissue and isolated ECM protein fraction for decorin (35 kDa), latent TGFβ1 (47 kDa), and GAPDH (36 kDa) (n = 3 breast samples). B, Immunoprecipitation of decorin and Western analysis to detect latent TGFβ1 (47 kDa) in protein isolated from whole mammary glands of FVB/N HFD‐fed mice and breast tissue from obese women (BMI \> 30). Dimers of the active form of TGFβ1 (25 kDa) were also observed in the mouse samples. Representative blots from three experiments. C, SMA expression in breast ASCs cultured on collagen I and treated with vehicle, recombinant TGFβ1 or TGFβ1 and TGFβ1 inhibitor, SB431542 (n = 3 experiments; one way ANOVA analysis with Tukey\'s multiple comparison posttest). D, SMA expression in breast ASCs cultured on isolated ECM with vehicle or SB431542 (n = 3 experiments; Student\'s *t* test). Bars represent mean ± SEM. Magnification bar = 50 µm](FSB2-34-8611-g003){#fsb220581-fig-0003}

To test for the presence of TGFβ1 within the ECM isolated from breast tissue, we utilized breast adipose‐derived stromal cells (ASC) that we have previously isolated from reduction mammoplasty tissue.[^28^](#fsb220581-bib-0028){ref-type="ref"} ASCs are a mixed population of cells, which are enriched for fibroblasts and adipose stem cells. When treated in culture with TGFβ1, ASCs develop a myofibroblastic phenotype with increased expression of α‐smooth muscle actin (SMA), a myofibroblast marker.[^37^](#fsb220581-bib-0037){ref-type="ref"} When grown on type I collagen gels and treated with vehicle, breast ASCs expressed low levels of SMA (Figure [3C](#fsb220581-fig-0003){ref-type="fig"}). In contrast, treatment with recombinant TGFβ1 protein resulted in increased numbers of breast ASCs that expressed SMA (*P* = .01; Figure [3C](#fsb220581-fig-0003){ref-type="fig"}). This expression of SMA was blocked in the presence of TGFβ1 inhibitor, SB431542 (*P* = .03; Figure [3C](#fsb220581-fig-0003){ref-type="fig"}). To examine the presence of TGFβ1 within the isolated ECM, breast ASCs were grown on gels composed of type I collagen and isolated breast ECM. In the presence of breast‐derived ECM and vehicle, increased numbers of breast ASCs expressed SMA after 48 hours (Figure [3D](#fsb220581-fig-0003){ref-type="fig"}). Expression of SMA was inhibited in the presence of SB431542 (*P* = .03; Figure [3D](#fsb220581-fig-0003){ref-type="fig"}). Together these results suggest that decorin elevates sequestered TGFβ1 in the ECM of breast tissue under conditions of obesity.

3.4. Macrophages from mammary glands of obese mice express increased transcripts for decorin {#fsb220581-sec-0017}
--------------------------------------------------------------------------------------------

Since we observed increased expression of decorin within the mammary tissue of obese mice, we hypothesized that specific cell types within the mammary gland may increase decorin expression under conditions of obesity. To address this question, we dissociated mammary gland tissue from CD and HFD‐fed mice and isolated primary ASCs, mammary epithelial cells (MECs), and macrophages. Decorin expression was detected in in all cell types examined (Figure [4A](#fsb220581-fig-0004){ref-type="fig"}). However, decorin expression was only significantly increased in macrophages isolated from mammary glands of HFD‐fed mice compared to those from CD‐fed mice (*P* = .05, Figure [4A](#fsb220581-fig-0004){ref-type="fig"}), suggesting that macrophages enhance decorin expression under conditions of obesity.

![Obesity increases macrophages expressing decorin around mammary ducts and within breast lobules. A, Fold change of decorin expression relative to cyclophilin or HPGRT of ASCs, mammary epithelial cells (MEC) and macrophages isolated from mammary glands of CD or HFD‐fed FVB/N mice (n = 6 mice/group). B, Number of F4/80^+^ macrophages surrounding mouse mammary ducts divided by the ductal area (n = 6 FVB/N mice/group). C, Number of CD68^+^ macrophages within the lobular and ductal area in human breast tissue (n = 6 breast samples/group). Data analyzed with Student\'s *t* test, mean ± SEM. Magnification bar = 50 µm](FSB2-34-8611-g004){#fsb220581-fig-0004}

As a sequela of obesity, macrophages are observed in greater numbers within adipose tissue of the mammary gland.[^9^](#fsb220581-bib-0009){ref-type="ref"}, [^10^](#fsb220581-bib-0010){ref-type="ref"}, [^28^](#fsb220581-bib-0028){ref-type="ref"} We hypothesized that macrophages may also be increased surrounding the epithelium of the mammary ducts. To test this hypothesis, we quantified F4/80^+^ macrophages surrounding mammary ducts in tissue from CD and HFD‐fed mice. Elevated numbers of F4/80^+^ macrophages were observed surrounding and interdigitating between epithelial cells of ducts in mammary glands of HFD‐fed mice compared to those from controls (*P* = .03, Figure [4B](#fsb220581-fig-0004){ref-type="fig"}). Similar to mice, breast tissue from obese women had increased numbers of CD68^+^ macrophages surrounding and interdigitating between epithelial cells of breast lobules and ducts (Figure [4C](#fsb220581-fig-0004){ref-type="fig"}). This suggests that enhanced decorin surrounding breast ducts is likely due to both increased secretion and elevated numbers of macrophages within the obese breast microenvironment.

3.5. Macrophage depletion in obesity decreases decorin and increases downstream targets of the TGFβ1 pathway {#fsb220581-sec-0018}
------------------------------------------------------------------------------------------------------------

Since we observed that macrophages increased decorin expression in obesity, we hypothesized that depletion of macrophages in obese mice may reduce decorin within the ECM surrounding mammary ducts. To address this question, mice were fed HFD to induce obesity for 16 weeks, then, randomized into two groups that received either IgG control or anti‐F4/80 antibodies for an additional 2 weeks (Figure [5A](#fsb220581-fig-0005){ref-type="fig"}). Treatment with anti‐F4/80 antibodies did not alter weight gain in the HFD‐fed mice (Figure [5B](#fsb220581-fig-0005){ref-type="fig"}). To confirm macrophage depletion within the mammary glands, we detected F4/80^+^ macrophages using antibodies that detected a different epitope of the protein. Mice treated with anti‐F4/80 antibodies had significantly decreased numbers of macrophages surrounding mammary ducts compared to those treated with IgG controls (*P* = .04, Figure [5C](#fsb220581-fig-0005){ref-type="fig"}). Macrophage depletion also resulted in significantly decreased decorin protein within the ECM surrounding the mammary ducts compared to IgG‐treated mice (*P* = .007, Figure [5D](#fsb220581-fig-0005){ref-type="fig"}). These results suggest that macrophages significantly enhance decorin expression surrounding mammary ducts in obese mice.

![Macrophage depletion in obese mice decreases decorin expression in ECM and increases downstream targets of the TGFβ1 pathway within the epithelium. A, Schematic of macrophage depletion experiment in HFD‐fed mice. B, Weight gain of female FVB/N mice fed HFD starting at 3 weeks of age. Mice received treatment with either IgG or anti‐F4/80 antibodies (n = 4 mice/group, repeated measures ANOVA with Sidak\'s multiple comparison test). C, Number of F4/80^+^ macrophages surrounding mammary ducts divided by the ductal area (n = 4 mice/group; Student\'s *t* test). D, Percent area decorin in ECM surrounding mammary ducts (n = 4 mice/group; Student\'s t test). E, Percent pSMAD2^+^ cells in mammary ducts (n = 4 mice/group; Student\'s *t* test). F, Percent SMAD4^+^ cells in mammary ducts (n = 4 mice/group; Student\'s *t* test). Bars represent mean ± SEM. Magnification bar = 50 µm](FSB2-34-8611-g005){#fsb220581-fig-0005}

With reduced decorin within the ECM, we hypothesized that reduced amounts of TGFβ1 may be sequestered in the ECM. To assess TGFβ1 activity, we quantified changes in pSMAD2 and SMAD4 within the mammary glands of obese mice treated with anti‐F4/80 and IgG antibodies. In macrophage‐depleted mice, the percentage of epithelial cells expressing nuclear pSMAD2 was significantly increased compared to mice treated with IgG (*P* = .01, Figure [5E](#fsb220581-fig-0005){ref-type="fig"}). Similarly, nuclear expression of SMAD4 was significantly increased in epithelial cells of mice treated with anti‐F4/80 antibodies compared to controls (*P* = .0003, Figure [5F](#fsb220581-fig-0005){ref-type="fig"}). Together these findings suggest that macrophages indirectly regulate TGFβ1 activity within the mammary gland in obesity through elevated expression of decorin within the ECM.

4. DISCUSSION {#fsb220581-sec-0019}
=============

To better understand how obesity alters, the microenvironment of normal breast tissue, potentially leading to increased breast cancer risk, we examined how obesity alters TGFβ1 activity using a well‐characterized HFD mouse model and human breast tissue from reduction mammoplasty surgeries. Under conditions of obesity, mammary epithelial cells demonstrated reduced TGFβ1 activity, measured by diminished nuclear expression of TGFβ1 downstream target, pSMAD2, and partner SMAD4. We also observed increased accumulation of decorin within the ECM complexed with latent TGFβ1. Decorin has been shown to sequester the latent form of TGFβ1 in the ECM of other organs.[^34^](#fsb220581-bib-0034){ref-type="ref"}, [^38^](#fsb220581-bib-0038){ref-type="ref"}, [^39^](#fsb220581-bib-0039){ref-type="ref"} Within breast tissue of mice and women, obesity results in the emergence of myofibroblasts, increased collagen deposition, and elevated ECM proteins within adipose tissue,[^9^](#fsb220581-bib-0009){ref-type="ref"}, [^11^](#fsb220581-bib-0011){ref-type="ref"}, [^12^](#fsb220581-bib-0012){ref-type="ref"}, [^40^](#fsb220581-bib-0040){ref-type="ref"} which are all processes associated with increased TGFβ1 activity. Enhanced TGFβ1 expression has also been observed in other adipose tissue depots during obesity.[^24^](#fsb220581-bib-0024){ref-type="ref"}, [^25^](#fsb220581-bib-0025){ref-type="ref"}, [^26^](#fsb220581-bib-0026){ref-type="ref"} Our results suggest that elevated concentrations of decorin, which forms complexes with latent TGFβ1, may result in enhanced TGFβ1 activity within stromal cells and reduced epithelial TGFβ1 bioavailability.

Obesity is known to induce a pro‐inflammatory state due to an influx of macrophages into adipose tissue.[^41^](#fsb220581-bib-0041){ref-type="ref"} Here, we show that macrophages are also increased surrounding ducts and lobules in obese breast tissue. While the secretion of inflammatory cytokines by obesity‐activated macrophages has been characterized,[^42^](#fsb220581-bib-0042){ref-type="ref"} the ability of macrophages to secrete collagen and matricellular proteins has only recently been described in the context of cancer and fibrosis.[^43^](#fsb220581-bib-0043){ref-type="ref"}, [^44^](#fsb220581-bib-0044){ref-type="ref"} In humans, obesity results in a significant increase in decorin expression within adipose tissue depots.[^31^](#fsb220581-bib-0031){ref-type="ref"}, [^45^](#fsb220581-bib-0045){ref-type="ref"} The source of decorin expression was identified within the adipose tissue stromal vascular fraction, which is enriched in immune cells and ASCs.[^31^](#fsb220581-bib-0031){ref-type="ref"} Through isolation of macrophages and ASCs, we observed that macrophages isolated from HFD‐fed mice expressed elevated decorin transcripts compared to those from CD‐fed mice. With macrophage depletion in HFD‐fed mice, decorin was significantly reduced within the ECM surrounding mammary ducts. In separate preclinical models of tendon repair and cholangiopathy, depletion of macrophages resulted in significantly reduced collagen and ECM deposition within two weeks,[^46^](#fsb220581-bib-0046){ref-type="ref"}, [^47^](#fsb220581-bib-0047){ref-type="ref"} similar to the time point that we examined. Further studies are necessary to identify how obesity promotes a fibrotic response in macrophages, leading to increased decorin expression.

Latent TGFβ1 is activated through multiple mechanisms, which may enhance adipose tissue fibrosis under conditions of obesity. Thrombospondin‐1 (TSP1), which is a major regulator of TGFβ1 activity,[^48^](#fsb220581-bib-0048){ref-type="ref"}, [^49^](#fsb220581-bib-0049){ref-type="ref"} is secreted by adipocytes and has elevated expression under conditions of obesity.[^50^](#fsb220581-bib-0050){ref-type="ref"}, [^51^](#fsb220581-bib-0051){ref-type="ref"}, [^52^](#fsb220581-bib-0052){ref-type="ref"} TGFβ1 can also be activated within the ECM by localized concentrations of reactive oxygen species, which may be elevated in obese adipose tissue by macrophages and adipocytes.[^53^](#fsb220581-bib-0053){ref-type="ref"}, [^54^](#fsb220581-bib-0054){ref-type="ref"} While we have shown that macrophages enhance secretion of decorin, macrophages can also express latent TGFβ1.[^55^](#fsb220581-bib-0055){ref-type="ref"} In a model of lung fibrosis, direct interactions between macrophages secreting latent TGFβ1 and myofibroblasts resulted in elevated levels of activated TGFβ1,[^56^](#fsb220581-bib-0056){ref-type="ref"} suggesting that close proximity among stromal cells in the mammary ECM may enhance local activation of TGFβ1. While enhanced TGFβ1 activity within obese adipose tissue has been linked with adipose tissue fibrosis and insulin resistance,[^57^](#fsb220581-bib-0057){ref-type="ref"} increased TGFβ1 within the ECM may also promote breast tumor progression through rapid formation of cancer associated fibroblasts surrounding developing tumors. Interestingly, loss of decorin within the ECM of ductal carcinoma in situ due to ECM remodeling is a marker for tumor progression and correlates with more aggressive disease.[^33^](#fsb220581-bib-0033){ref-type="ref"}, [^58^](#fsb220581-bib-0058){ref-type="ref"} Loss of decorin during tumor progression may also enhance local TGFβ1 bioavailability to tumor cells potentially leading to elevated numbers of invasive cells within the developing tumor.

In early stages of breast cancer progression, TGFβ1 acts as tumor suppressor,[^14^](#fsb220581-bib-0014){ref-type="ref"}, [^59^](#fsb220581-bib-0059){ref-type="ref"} suggesting that decreased TGFβ1 activity in epithelial cells could contribute to the increased risk for breast cancer in obesity. When activated, TGFβ1 reduces mammary epithelial cell proliferation.[^60^](#fsb220581-bib-0060){ref-type="ref"} TGFβ1 has also been implicated in the negative regulation of stem/progenitor cells within the mammary epithelium.[^17^](#fsb220581-bib-0017){ref-type="ref"}, [^61^](#fsb220581-bib-0061){ref-type="ref"} Recently, ERα^+^ progenitor cells have been described within the mammary gland,[^62^](#fsb220581-bib-0062){ref-type="ref"}, [^63^](#fsb220581-bib-0063){ref-type="ref"} and active TGFβ1 has been shown to play a key role in their regulation through restriction of proliferation of ERα^+^ epithelial cells.[^64^](#fsb220581-bib-0064){ref-type="ref"} Proliferating ERα^+^ cells have been identified within the human breast after menopause,[^65^](#fsb220581-bib-0065){ref-type="ref"} when women are at enhanced risk for the formation of ERα^+^ breast tumors.[^66^](#fsb220581-bib-0066){ref-type="ref"}, [^67^](#fsb220581-bib-0067){ref-type="ref"}, [^68^](#fsb220581-bib-0068){ref-type="ref"} This observation has led to the hypothesis that these ERα^+^ progenitor cells may be the cells of origin for ERα^+^ breast cancers.[^69^](#fsb220581-bib-0069){ref-type="ref"} We have observed that obesity elevates the number of ERα^+^ epithelial cells in both premenopausal and postmenopausal breast tissue and increases the population of ERα^+^ proliferating cells,[^8^](#fsb220581-bib-0008){ref-type="ref"} and reduced TGFβ1 activity in the mammary gland may play a role the expansion of these cells. Although TGFβ1 has been well‐characterized in regulating cellular proliferation, TGFβ1 also acts to maintain genomic stability through its participation in the DNA damage response.[^70^](#fsb220581-bib-0070){ref-type="ref"} Inhibition of TGFβ1 activity with small molecule inhibitors significantly enhanced centrosome aberration frequency, tetraploidy, and aneuploidy in cultured human mammary epithelial cells.[^71^](#fsb220581-bib-0071){ref-type="ref"} Thus, reduced TGFβ1 activity within the mammary epithelium under conditions of obesity could lead to enhanced risk for breast cancer development through both expansion of stem/progenitor cells as well as increased genomic instability. Future studies will uncover how this mechanism may impact mammary tumor formation.
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